The vibration spectrum of hydrogen on a Si(111)surface is studied by molecular-dynamics simulation using an empirical tight-binding potential model. The frequencies of the stretching and wagging modes of hydrogen obtained from the simulations are in excellent agreement with experiment. An extra mode on the hydrogen overlayer at 62 meV, which has been observed in electron-energy-loss experiments, is also reproduced. We show that the extra mode originates from the coupling between the H wagging mode and a Si substrate phonon mode. The frequency shifts of the stretching and the wagging mode of H with temperature are also obtained from our simulations.
I. INTRODUCTION
calculation~using a bond charge models and by firstprinciples local-density-functional calculation using the frozen-phonon method. s However, the finite-temperature behavior and anharmonic effects of this system still remain for the most part uninvestigated.
In this paper, we report on a molecular-dynamics (MD) simulation study of the vibrational properties of hydrogen on a Si(111) surface as a function of temperature.
Complementary lattice dynamics calculations have also been performed to compare with the results obtained from MD simulation. In our calculations, the interatomic interactions are described by empirical tight-binding potential models which include the effects of covalent bonding explicitly through the electronic band structure.
Our study not only yields the vibration spectrum of the hydrogen overlayer in good agreement with experimental data, but also provides detailed information on the hydrogen-silicon interactions in this system. To compare with the results from MD simulations, we have also calculated the phonon spectrum at T = 0 K by lattice-dynamical method. In the lattice dynamics calculation, the force-constant matrix K is determined by calculating the force F on each atom for small displacements z of each atom in the six-layer unit cell, F~= K~, ,p x~p, i, j -= 1, 2, ... , N, n, P = 1, 2, 3. (3) The normal modes of the system can be determined from the eigenvalue equation: det(K,~~p x~p -M;~x,~) = 0.
(4)
We consider a six-layer unit cell with the k-point sampling equivalent to the 3 x 3 x 6 MD cell to calculate the Hellmann-Feynman force arising from the band-structure energy.
In Fig. 1 
(v" (0) which will be the subject of discussion in the next section.
The results of the lattice dynamics, i.e. , the magnitude of the normal mode at the specific layer from the latticedynamics calculation, is also plotted against the normal mode frequency in Fig. 2 Furthermore, the quantum-mechanical distribution remains relatively unchanged over the range of simulation temperatures whereas the classical distribution is much more temperature sensitive. This difference causes exaggerated temperature dependence of the hydrogen vibration properties. While a quantum-mechanical simulation of the hydrogen motion is still a difficult task at present, we tried to simulate the quantum hydrogen stretching-mode amplitude distribution in the present study by depositing an energy equivalent to the zero-point energy of the stretching mode in each Si-H bond at the start of each MD simulation. This is done by uniformly stretching the Si-H bonds normal to the surface. When the system is heated up, the temperature control is imposed on those Si layers which are not directly connected to the hydrogen layers. Since the frequency of the stretching mode of H is well separated from that of any other phonon modes in the system, the energy in the stretching mode stays fairly constant at the zero-point energy. The temperature effects on the frequency shift and linewidth for this mode are mediated through the temperature dependence of the atomic motions of the Si layers. We find that this ad hoc procedure yields more reasonable results for the frequency shifts and phonon linewidths. The typical phonon spectral densities are shown in Figs. 5 and 6, after smoothing with a Lorentzian of width 0.5 meV.
For comparison with the experiment, we relate the average kinetic energy ((K)) of the Si atoms in the MD simulation to the experimental temperature (T) by (5) IV. ANHARMONIC EFFECTS Table I .
Recent experiments observed side peaks close to the stretching peak causing a loss in the intensity of the fundamental peak. s~s We also found side peaks in the velocity autocorrelation spectrum for the stretching-mode vibration at frequencies v,«+v~s and v,« -2v~~s (Fig. 8) 
